High Temperature Charge-Ordering Fluctuation in Manganites 
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High temperature- ( T) studies of Lai-^Ca^MnOa show that charge and phonon transport is signif- 
icantly suppressed in a narrow doping region of x«l/2 and in a wide T range up to 900 K, which 
accompanies anomalous broadening of x-ray Bragg peaks. Contrarily, ferromagnetic (FM) correla- 
tion above Curie T is sharply enhanced at xm3/8. All these observations indicate the presence of 
short-range charge ordering (CO) correlation at high T, possibly in the form of a FM "zigzag", a 
small segment of the CE-type CO state. The decoupling and coupling of the FM zigzags for xrx3/8 
and 1/2, respectively, is consistent with our results. 

PACS numbers: 75.30.Vn, 72.20.Pa, 72.15.Eb, 72.80. Tm 
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Recent extensive studies have shown that the forma- 
tion of static or dynamic charge/spin stripes is the generic 
feature of the doped Mott insulators (lj. The static 
charge ordering (CO) with stripe correlation has been 
observed in layered nickelates perovskite manganites 
H and doped orthoferrites In addition, the presence 
of the static correlation of the charge/spin stripes has 
been observed in layered cuprates in the region where 
superconductivity is suppressed ||. Furthermore, it has 
been proposed that the incommensurate inelastic neu- 
tron peaks observed in superconducting cuprates are due 
to the dynamic charge/spin stripe correlation j6|. There- 
fore, understanding the relationship between the static or 
dynamic charge/spin stripe correlation with other phys- 
ical properties such as superconductivity in doped Mott 
insulators is one of the challenging issues in current con- 
densed matter physics. 

In mixed- valent manganites, orbital degree of freedom 
associated with Mn 3+ ions, in addition to charge and spin 
degrees of freedom, plays an important role. The static 
charge/orbital ordering with stripe patterns is now well 
established, especially in Lai_ x Caa;Mn03 with x > 0.5 at 
low temperature ( T) region. CO in manganites occurs 
as periodic arrays of the sheet-like arrangement of Mn 3+ 
ions 0. In this scheme, the CO state of Lao.sCao.sMnOa 
is special in the sense that the density of Mn 3+ -Mn 4+ 
pairs is highest. In Lao.sCao.sMnOa, all of the charge, or- 
bital and spin degrees of freedom freeze into the so-called 
CE-type stable configuration below 180 K (for heating) 

Even though static, long-range striped ordering of 
charge, orbital, and spin degrees of freedom in mangan- 
ites is well established, the dynamic or short-range corre- 
lation of these degrees of freedom is poorly understood. 
In the simple double exchange (DE) mechanism, hopping 
of e g electron of Mn 3+ induces ferromagnetic (FM) cou- 
pling between localized ti g spins j[o|. Thus, the FM cor- 
relation in Lai_2;Ca x Mn03 is supposed to vary as x(l-x), 
and should be optimized at i=0.5, basically because of 
the maximum number of ncig hboring Mn 3+ -Mn 4+ pairs. 



However, the Curie T (Tq) peaks mysteriously at x^3/8 
The DE-type FM correlation is, naturally, suppressed 
by charge localization, which is a prerequisite for CO. 
Furthermore, superexchange-type magnetic coupling be- 
tween localized spins sensitively depends on the local or- 
bital configuration, and the orbital degree of freedom can 
be coupled with the lattice through the Jahn- Teller (JT) 
mechanism. Thus, the spatial or temporal fluctuations 
of charge, spin, orbital, and lattice degrees of freedom 
ought to be strongly coupled to each other. 

In order to reveal the thermal fluctuation nature of 
these degrees of freedom, we have carefully studied the 
various physical properties of Lai^Ca^MnOa with xnear 
1/2 and 3/8 at high T regions. Surprisingly, the sup- 
pression of electronic conductivity and phononic thermal 
conductivity exists in a narrow doping range of x«l/2, 
which persists up to 900 K, far above static ordering T. 
On the other hand, we found that FM correlation at room 
T, above Tq, is sharply optimized at x=3/8. All of these 
behaviors can be understood in terms of varying degree 
of CO correlation with Ca doping level. 

High quality polycrystalline speci- 

mens of Lai.^Ca^MnOs with various x near 1/2 and 3/8 
have been prepared with the standard solid state reac- 
tion with an identical synthesis condition. Resistivity (p) 
was measured with the standard four probe method with 
accurate geometry from 4 to 900 K, and absolute ther- 
mal conductivity (n) was measured from 8 to 310 K with 
the steady state method (employing a radiation shield). 
Magnetization (M) was measured by using Quantum De- 
sign SQUID magnetometer, and x-ray powder diffraction 
data were taken by using Rigaku diffractometer. M data 
show that the system with 0.45<x<0.50 undergoes FM 
transition at 240-220 K, accompanied by antiferromag- 
netic (AFM) CO at 160-180 K (for heating) HQ. The 
specimens with x near 3/8 undergo only FM transition 
at ^270 K, and CO transition around 200 and 220 K was 
observed in the 1=0.52 and 0.55 samples, respectively. 

Figure 1(a) shows the p(T) curves for Lai_ x Ca x Mn03 
with x near 0.5 from 4 to 900 K. First, we discuss the be- 
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haviors of p with the variation of x at low T. For ;c=0.48, 
the FM metallic phase is dominant below 220 K even 
though a short-range CO phase probably coexists as sug- 
gested by a broad hump and small hysteresis at 100-180 
K |12|. However, with x approaching 0.5 from below, the 
CO state stabilizes at low T. Thus, p near x—0.5 at low 
T increases systematically with x, and shows the insu- 
lating T-dependence when x>0.485. As shown in Fig. 
2(a) (open circles), p(100 K) shows such a systematic in- 
crease with x approaching 0.5 from below, consistent with 
a crossover from the FM metallic to the CO insulating 
states. Once CO is stabilized at low T region for a;>0.5, 
p(100 K) becomes insensitive on x. 

It is intriguing to note that as evident in Fig. 1(a), 
p of Lao.5Cao.5Mn03 at T>Tco is considerably larger 
than that of any neighboring compositions, and this be- 
havior persists up to 900 K. To unveil this unexpected 
behavior in detail, we have systematically changed the 
chemical doping level with fine spacing of x near 0.5. 
The p(3QQ K) vs. x plot in Fig. 2(a) summarizes the 
results, showing a clear maximum at x=0.5. Moreover, 
the p(900 K) vs. x plot confirms that the maximum 
behavior at ^=0.5 persists up to, at least, 900 K. A 
previous study revealed that an adiabatic small polaron 
model, with p=p Texp(E a /kBT), describes high T p of 
Lai-xCa^MnOa in broad doping and T ranges (0<a;<l 
and -300K<T<1100K) @. Here, E a represents the ac- 
tivation energy of small polarons, i.e. the potential bar- 
rier that polarons must overcome to hop to the next site. 
The inset of Fig. 1 shows that Mfi/T) vs. 1/Tplot of 
our data at high T region is quite linear, corroborating 
with the adiabatic small polaron model. Interestingly, 
E a is systematically enhanced at £=0.5, as shown in Fig. 
2(b). Therefore, the strong charge localization tendency 
at x=0.5 up to very high T, far above Tqo, is closely 
associated with the enhancement of polaron activation 
energy. 

To gain further insights into understanding this sur- 
prising result, we have measured T-dependent k (Fig. 
1(b): heating). At Ts above T c , k(T) for x <0.5 in- 
creases linearly with increasing T, which is unusual in 
crystalline solids. First, we point out that the electronic 
k estimated from p by using the Wiedemann- Franz law is 
negligible. It has bee known that the electronic k of adi- 
abatic small polarons is also very small |l4j . In addition, 
an earlier work on FM manganites has shown that the 
anomalous behavior of k , i.e., a linear increase above 
Tc is well explained by the phononic K, coupled with 
large anharmonic lattice distortions Eg ], Thus, it is evi- 
dent that at high T region of Lai.^Ca^MnOs (as=a0.5), the 
electronic contribution to K is negligible, and the phonon 
contribution, possibly related to large anharmonic lattice 
distortions, dominates the measured k. 

The abrupt k increase near Tc in n(T) of a^0.485, 
0.49, and 0.50 of Fig. 1(b) is due to the reduced lat- 
tice distortions in the FM-metallic state, and this k in- 



crease at Tc becomes smaller with x approaching 0.5. 
For x<0.5, k tends to decrease at Tco> which can be 
attributed to the large (JT-type) lattice distortion asso- 
ciated with CO. For x >0.5, k shows only slight slope 
changes near Tco ; as seen in the k data of x=0.52 and 
0.55. As shown in Fig. 2(c), K at low T region decreases 
systematically with x approaching 0.5 (due to the stabi- 
lization of the CO state), and remains small when a;>0.5. 
We note that even if the k values of x—0.52 and 0.55 are 
similar to that of :r=0.5 at low T, they become consid- 
erably larger than that of :r=0.5 for T >Tco- This be- 
havior is well illustrated in the k(300 K) vs. x plot (solid 
circles in Fig. 2(c)), demonstrating a clear minimum at 
x=0.5. This suppression of k(300 K) at x=0.5 correlates 
well with the p peaking near 0.5 at 300 K. Therefore, our 
results in Figs. 1 and 2 show that the lattice thermal 
conductivity as well as charge transport is suppressed in 
the high T region of the half-doped manganite. 

Directly related with the suppression of phononic k, 
there exists a slight, but noticeable broadening of the x- 
ray Bragg peaks for x=0.5 at room T. One example of 
the broadened x-ray peaks is shown in Fig. 3, displaying 
the compositional change of the (242) Bragg peak (in the 
orthorhombic P bnm notation) of x-ray powder diffraction 
at 300 K. The (242) Bragg peak, centered at 26 ^69.3 ° 
for x=0.5, changes its position to higher angles as x in- 
creases. The left and right sides of the (242) Bragg peak 
are due to the (004)- (400) peaks and K a2 of the (242) 
and (004)-(400) peaks, respectively. As evident in Fig. 
3, the peak width, T, of the central (242) peak is consid- 
erably broad at x=0.5. To extract the ^-dependence of 
r, we have fitted the intensity profiles as a sum of three 
Gaussian peaks (by neglecting the weak K Q 2 peaks of 
(004) and (400)). The solid squares and triangles in Fig. 
2(d) represent fitting results for T and the center posi- 
tion of the (242) peak, respectively. The center position 
increases almost linearly with x, indicating the linear lat- 
tice contraction with increasing x. On the other hand, T 
shows a clear maximum at :r=0.5. This broadening of T 
indicates a slight distribution of lattice constants in the 
half-doped manganite at room T Jl(|. 

An early study of synchrotron x-ray scattering for 
Lao.5Cao.5Mn03 showed a drastic broadening of all the 
Bragg peaks in the FM region between Tc and Tn 
(~Tco) f0|- After this discovery, an electron diffrac- 
tion study showed that the fine scale (^100 A) coexis- 
tence of CO and FM phases is responsible for the drastic 
broadening of x-ray Bragg peaks || . What our new data 
indicates is that this Bragg peak broadening for xm0.5 
persists even at room T, far above Tc and Tco- There- 
fore, the Bragg peak broadening at room T suggests that 
short-range CO exists in the paramagnetic state of the 
half-doped manganite. We cannot rule out the possibil- 
ity of dynamic correlation of CO at room T. The spa- 
tial variation of lattice constants, indicated by the Bragg 
peak broadening, can shorten phonon lifetime, and thus 



2 



suppresses the phonemic k. The enhancement of p up 
to 900 K in Lao.sCao.sMnOa indicates that the spatial 
or dynamic CO fluctuation probably persists even at T 
ranges much higher than long-range ordering T |l7j . We 
emphasize that the observed Bragg peak broadening in- 
dicates that various anomalous behaviors of a;«0.5 are 
bulk effects. In other words, the p enhancement and 
the k suppression at x«0.5 are not due to, for example, 
grain boundaries in our polycrystalline specimens. We 
also note that our findings are not consistent with La/Ca 
ionic ordering because the La/Ca ordering should reduce 
P- 

Since CO correlation can influence magnetic correla- 
tion, we have measured the evolution of magnetic suscep- 
tibility (x =M/H) at room T (above Tq) as a function 
of x. We found a few surprising results as shown in Fig. 
4(a). First, we found that x(T) above Tq roughly follows 
the Curie- Weiss law, and the Curie- Weiss T is FM for all 
x studied. Consistent with earlier results, the Tq vs. x 
plot shows a broad bump near x=3/8 ||. On the other 
hand, x( x ) at 300 K sharply peaks at x=3/8. This pro- 
nounced peaking of x( x ) above Tq at the commensurate 
carrier concentration of 3/8 suggests an extraordinary 
possibility; the presence of short-range or dynamic cor- 
relation of charge /orbital ordering in such a way as to 
produce special FM coupling in addition to DE-type FM 
coupling. 

It is important to understand how such short-range 
charge correlation can promote FM coupling, which is 
seemingly counter-intuitive. In manganites, it has been 
well established that the CE-type CO is very stable in 
broad x ranges, at least at low T. For example, the CE- 
type CO has been commonly observed in Lai-xCa^MnOa 
and Ndi-xSr^MnOa for 2?yQ.5. In addition, the CE- 
type CO has been reported even when x deviates sig- 
nificantly from 0.5. For example, the CE-type CO oc- 
curs in Pri_2;Caa;Mn03 with 0.3<ir<0.5, and also in 
(La,Pr) 5/8 Ca 3/8 Mn0 3 at low T @. Thus, it is appeal- 
ing to assume that short-range or dynamic CO at high 
T of Lai.jpCa^MnOa (0.2<:r<0.5) is also the CE-type. 
In the CE-type CO, there exist FM zigzag chains (Fig. 
4(b)), which couple to each other antiferromagnetically 
It is conceivable that at high T, the CO cor- 
relation is so short that the short-range CO state may 
contain only one short FM zigzag (Mn 3+ - Mn 4+ - Mn 3+ - 
Mn 4+ - Mn 3+ : shown with dark hue in Fig 4(b)) with — 11 
A in length or one short FM "zig or zag" (Mn 3+ -Mn 4+ - 
Mn 3+ ) with —5.5 A in length. Then, these extended 
objects can enhance FM correlation overall. The short 
FM zigzag can be considered as correlated polarons or a 
ferromagnetic polaron cluster, and may exhibit dynamic 
nature. Note that the carrier concentration of the short 
FM zigzag (zig or zag) corresponds to ^=0.4 (1/3), which 
is close to a;«3/8 for the enhanced FM correlation. How- 
ever, if the range of CO becomes slightly longer, then 
the zigzag may couple with the neighboring zigzags anti- 



ferromagnetically so that FM correlation can be reduced. 
This effect can be significant at x^O.5 where CO tendency 
is strong because carrier concentration matches the CE- 
type ordering pp|] . This remarkable scenario remains to 
be confirmed by local probe measurements such as x-ray 
or neutron scattering experiments. 

In conclusion, we discussed the suppression of elec- 
tronic conductivity as well as phononic thermal conduc- 
tivity, and the broadening of Bragg peaks in a narrow 
composition range near x=0.5, but in a very broad T 
range up to 900 K. On the other hand, FM correlation 
is strongly enhanced for x near 3/8 at high T. All these 
findings can be consistent with spatial or temporal fluc- 
tuation of CO at high T. We have proposed an appeal- 
ing scenario of the presence of FM zigzags which can be 
coupled or decoupled, depending on x. The "decoupled" 
short FM zigzag can enhance the overall FM correlation 
at x near 3/8, and the AFM coupling of FM zigzags can 
progressively increase with x, and be maximized at xmO.5 
where charge localization tendency is strong. Our work 
clearly provides a new paradigm for studying the fluc- 
tuation nature of CO correlation in various doped Mott 
insulators, including mixed- valent manganites and super- 
conducting cuprates. 
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Note: After submitting this paper, we became aware 
that the neutron scattering study of Lao.7Cao.3Mn03 by 
Adams et al. plj are consistent with our proposed sce- 
nario of CO correlation above To They report the pres- 
ence of the CE-type CO correlation (correlation length 
of -10 A) above T c . 
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FIG. 1. (a) T-dependent p curves (for heating and cooling) 
of Lai_^Ca^Mn03 near s=0.5 from 4 to 900 K. The inset 
shows ln(p/T) vs. 1/T curves, (b) k(T) (for heating) for 
Lai.^Ca^MnOa, a»0.5. The solid and dotted arrows show 
Tc and Too (determined from M(T) and p{T)), respectively. 

FIG. 2. (a) and (c) p and n values at 100 and 300 K for 
Lai.^Ca^MnOa near a;=0.5, respectively, (b) The activation 
energy of small polarons, E^/ks, vs. x plot, obtained from 
the inset of Fig. 1. (d) The ^-dependence of the peak width, 
r, and the center position of the (242) x-ray Bragg peak at 
300 K, estimated from Gaussian fitting of the data in Fig. 3. 
The dotted and solid lines are guides for the eyes. 

FIG. 3. X-ray intensity profiles of the (242) Bragg peak 
(center) at 300 K for Lai^Ca^MnOa near a;— 0.5. 



FIG. 4. The z-dependence of \ (closed squares) at 300 K 
(left axis) . The open circles show the Tc variation determined 
from x{T) (right axis), (b) A schematic of FM zigzag chains, 
coupled antiferromagnetically each other. Open circles are 
Mn 4+ and the lobes show the e g orbitals of Mn 3+ . ~11 A 
FM zigzag is shown with dark hue. 
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